The gaseous second messenger nitric oxide (NO) has been shown to regulate memory formation by activating retrograde signaling cascades from post-to presynapse that involve cyclic guanosine monophosphate (cGMP) production to induce synaptic plasticity and transcriptional changes. In this study, we analyzed the role of NO in the formation of a visual working memory that lasts only a few seconds. This memory is encoded in a subset of ring neurons that form the ellipsoid body in the Drosophila brain. Using genetic and pharmacological manipulations, we show that NO signaling is required for cGMP-mediated CREB activation, leading to the expression of competence factors like the synaptic homer protein.
Correspondence rstrauss@uni-mainz. de 
In Brief
Walking flies can memorize and approach a vanished landmark for about 4 s by integrative storing of visual information and information about their own movements. Kuntz et al. show that this labile memory trace is encoded by the short-lived gas nitric oxide (NO) localized at neuronal output sites of ellipsoid body ring neurons.
INTRODUCTION
Navigation through a complex environment requires the knowledge and memorization of one's own movements with respect to visual cues. Social insects, like honeybees, have developed impressive strategies to memorize and communicate routes to food sources and to use path integration for direct returns to the hive [1] . Even solitary insects like the fruit fly Drosophila have a spatial memory that allows them to return to a safe place when encountering an unpleasant environment (heat-box paradigm [2] ; Morris water-maze-like ''cold-spot'' paradigm [3, 4] ). Flies can differentiate and memorize object features (visual pattern memory) [5] , and they possess a visual orientation memory for targets that get out of sight, as shown in the detour paradigm [6] . Thus, flies, like more explorative insects, are not only guided by acute visual input, but they retain a memory trace for the previous position of an attractive landmark or a preferred place. Furthermore, flies are able to combine idiothetic (self-generated) information and visual cues to perform path integration [6] .
Findings from several studies indicated that visually guided memories are processed in the central complex (CX) of the fly's brain, which is composed of the protocerebral bridge (PB), the fan-shaped body (FB), the ellipsoid body (EB), and the paired noduli [7] . Using neuronal silencing and/or mutant rescue strategies, it has been shown that subtypes of the so-called ring (R) neurons of the EB [8] are required for visual orientation memory (R3 neurons) [6, 9] , pattern memory (R2 and R4m neurons) [10] , and place learning in the cold-spot paradigm (R1 neurons) [3] . Notably, the durations of these different memories for navigation differ significantly and last from only a few seconds (visual orientation memory) to over a minute (pattern memory) and to more than 2 hr (for place memory in the heat-box or in the cold-spot paradigm). However, the neuronal networks and the underlying biochemical processes to establish these memories are mostly unknown.
Analysis of ellipsoid-body open (ebo) mutants in the detour paradigm suggested a requirement for an intercellular diffusible second messenger in the EB, because their orientation memory deficit could be rescued by expression of EBO in any of the four subtypes of R neurons, although memory function maps to R3 neurons. The ebo gene encodes Exportin 6, which is required for the export of monomeric actin from the nucleus to maintain the transcriptional activator complex dSRF/dMRTF (serum response factor/myocardin-related transcription factor) functional [11] . Therefore, we hypothesized that dSRF/dMRTF regulates the expression of enzymes producing gasotransmitters that are involved in the formation of the visual orientation memory. The highly diffusible, gaseous second messenger nitric oxide (NO) has been associated with modulating synapse formation and synaptic plasticity in vertebrates for some time [12] . In addition, low levels (<10 mM) of hydrogen sulfide gas (H 2 S) have also been detected in the vertebrate brain, which seem to protect cells from oxidative stress, thus indirectly affecting memory [13] . Exogenously supplied H 2 S can facilitate longterm potentiation, a model for synaptic plasticity of hippocampal cells [14] , but a role of endogenous H 2 S in memory formation has remained questionable [15] . The results presented here reveal such a role of H 2 S in a living brain for the first time. Applying a combination of genetic and pharmacological experiments in Drosophila, we show that both gases NO and H 2 S act as neuromodulators in a shared pathway to control cyclic guanosine monophosphate (cGMP) levels. The cGMP-dependent signaling pathway ultimately results in CREB activation, which is required for the competence of the R3 neurons to build an orientation memory. Notably, we find a second, short-termed role of NO signaling that induces a cGMP-encoded memory trace for the vanished landmark in axonal branches of R3 neurons.
RESULTS

NO Signaling Is Required for the Visual Working Memory
To assess whether NO is a candidate for an intercellular second messenger in the EB, we studied the expression pattern of the NO-producing enzyme nitric oxide synthase (NOS) using an antiserum against Drosophila NOS [16] (for specificity, see Figure S1 ). Scattered NOS expression was found in many neuropils throughout the adult brain, including the EB and the FB ( Figures 1A and 1B) . In general, NOS immunoreactivity was rarely found in cell bodies but seemed to localize to discrete dots in the neuropils, suggesting a preferential localization to synaptic sites. NOS expression co-localized with the synaptic marker Fascilin II in the EB [17] (Figure 1B ), but not within the a/b lobes of the mushroom bodies [18] . To determine in which R neurons NOS is expressed, we drove GFP expression specifically in each type [8, 19] and co-stained the preparations with anti-NOS. Like in other brain regions, we could not detect NOS in the cell bodies of the R neurons ( Figures 1G-1J) , and it was also not detectable in the projections of R1, R2, or R4 ( Figures 1C-1F ). In contrast, NOS co-localized with GFP in the axonal arborizations of the R3 neurons, but not in the bulbs, the neuropil with the dendritic input sites of the ring neurons [19] , indicating a preferentially presynaptic localization ( Figure 1E ).
To determine whether NO signaling is required for the orientation memory, we tested three alleles (Nos C , Nos
D15
, and Nos e2671 ) of the single Nos gene in Drosophila [16] . To analyze the visual orientation memory, we have developed the so-called detour paradigm, in which walking flies are temporally distracted during their approach toward an attractive landmark and left without visual cues thereafter. Wild-type flies recall the position of their initial target in 80% of the trails and turn to resume their walk toward the original direction even when the landmark is still invisible (Figure 2A) . Behavioral analyses of homozygous (Nos
) and transheterozygous null mutants (Nos C /Nos D15 ) revealed that they had no orientation memory, and transheterozygous flies for the hypomorphic Nos e2671 allele showed a residual memory ( Figure 2B ; for all statistics, see Tables S1-S6). To confirm a requirement of NOS in R3 neurons, we induced RNAi [20] against the Nos transcript with the specific driver line 189Y-GAL4 [8] . Immunohistochemistry confirmed a 50% reduction of NOS expression in the EB when compared to internal control areas and to control flies ( Figures  2C and 2D) . Moreover, these knockdown flies showed a significant Table S1 ). reduction in orientation memory (Figure 2E) . We also performed a tissue-specific cDNA rescue with Nos mutants, using the R3/R4d-specific driver line c232-GAL4 [8] . Expression of NOS via c232-GAL4 in transheterozygous Nos mutants increased the memory score from 60% to 70% positive choices; however, this was statistically not significant ( Figure 3A) . Notably, the same partial rescue was obtained when the mutants carried only the UAS-Nos transgene [16] , suggesting that leaky expression can increase the memory score above chance levels. The failure to obtain a full rescue by NOS expression in R3/R4d is probably due to the loss of NOS expression in the FB in the mutant background. This is supported by the fact that RNAi against the Nos gene in a subset of NOS-expressing cells that innervate the dorsal FB (VT5535 [21] ; Figures 3B and 3C) also reduced the orientation memory ( Figure 3D ). This comes as no surprise, because the EB and FB are heavily interconnected [7] and the FB is required for object memory [5] .
To test whether elevated NO levels can rescue the ebo 678 mutant, we overexpressed NOS in R3 neurons, which restored the memory to wild-type levels ( Figure 3E ). Notably, ectopic expression of NOS in R2 neurons did also rescue the memory deficit of ebo 678 , revealing that NO can act across cells to restore the orientation memory in R3 neurons. However, NOS is endogenously not expressed in R2 neurons; therefore, we asked whether an additional diffusible messenger might be involved.
H 2 S Signaling Is Also Required for the Visual Working Memory
In the vertebrate brain, H 2 S can be produced from L-cysteine by the cystathionine g-lyase (CSE) and cystathionine b-synthase (CBS) [13] . The Drosophila genome encodes orthologs for both, and the latter seems to be the rate-limiting enzyme in the socalled transsulfuration pathway, required for metabolizing the sulfur-containing amino acids, methionine and cysteine. CBS does not seem to be regulated by neuronal activity but is regulated through nutrition with transcriptional induction upon dietary restriction [22] . Nevertheless, we tested Cbs EY04457 mutant flies (carrying a transposon insertion in the first exon) [23] , and these flies showed a complete loss of memory in the detour paradigm. This defect could be rescued by CBS expression in either R2 or R3 neurons, but not by expression in olfactory neurons in the antennae ( Figure 4A ). Moreover, inducing a Cbs transgene [22] in R2 or R3 neurons of ebo 678 mutants could restore their memory deficit ( Figure 4B ), suggesting that H 2 S, like NO, can diffuse over several micrometers to signal in R3 neurons. CBS deficiency in humans leads to classical homocystinuria, a recessive autosomal disorder that results in pleiotropic developmental defects and cognitive impairment: this can be ameliorated with a low-amino-acid diet supplemented with cysteine [24] . We took a similar pharmacological approach by feeding N-acetyl-Lcysteine for 24 hr to ebo 678 mutant males. Their orientation memory reverted to wild-type levels ( Figure 4C ), supporting the hypothesis that H 2 S acts downstream of EBO. To test our hypothesis that expression of either NOS or CBS is controlled by the dSRF/dMRTF complex, we performed a western blot analysis of head extracts from flies with pan-neuronal (elav-GAL4) [23] overexpression of dSRF/dMRTF [25, 26] . The dSRF/dMRTF activator complex is the pivotal regulator of soluble actin levels and heat shock proteins in vertebrates and flies [27] . Therefore, we used anti-actin and human anti-HSP90 antibodies as positive controls and observed a 29% increase of actin and 22% of Drosophila HSP90, respectively. Employing a cross-reacting anti-human CBS antibody along with the anti-NOS antiserum revealed a significant increase in CBS, but not in NOS levels ( Figure S2 ), suggesting that dSRF/dMRTF and EBO regulate Cbs, but not Nos transcription.
NO and H 2 S Signaling Converge onto the cGMP/PKG Pathway The ability to rescue the memory deficit of the ebo mutant by either overexpressing NOS or CBS suggested that NO and H 2 S signaling converge onto the same signaling pathway. The predominant role of NO in synaptic plasticity is to activate the soluble guanylyl cyclase (sGC), resulting in elevated cGMP levels and subsequent cGMP-dependent protein kinase (PKG) activation [12] . The same signaling pathway is regulating the orientation memory, because double-heterozygous flies for Nos C and a deficiency uncovering the a-subunit of sGC (Gyca99B) [23] possess no orientation memory ( Figure 5A ). Likewise, doubleheterozygous flies for Nos C and a lethal allele of the foraging gene (for 02 ), which encodes a Drosophila PKG [23] , showed no memory in the detour paradigm ( Figure 5B ). The vasorelaxing effects of H 2 S in vertebrates are mediated by the inhibition of cGMP-dependent phosphodiesterase (cGMP-PDE) [13] . Moreover, NO and H 2 S jointly induce angiogenesis and vasorelaxation by regulating cGMP levels through sGC activation and PDE inhibition, respectively [28] . We found that the same interaction is playing a role in orientation memory, because heterozygosity for the lethal Pde6 MI04678 allele (Pde6 encodes a cGMP-specific phosphodiesterase in Drosophila [29] ) reverted Table S2 .
(E) Overexpression of Nos in R3 or R2 neurons restores the ebo 678 memory deficit (n = 24; Kruskal-Wallis analysis; Bonferroni post hoc; for all statistics, see Table S2 ).
the Cbs and ebo mutant phenotype ( Figures 5C and 5D ). To substantiate the connection of PDE6 with the signaling pathway in R3 neurons, we conducted a knockdown experiment by driving an RNAi-inducing transgene of Pde6 [30] in the ebo 678 mutant background and could mitigate the deficit to a memory score of 70% ( Figure 5E ). We also took a pharmacological approach by treating ebo, Cbs, and Nos mutants for 24 hr with the PDE6-specific inhibitor Zaprinast [29] , which rescued the memory deficit of all three mutants ( Figure 5F ). In addition, cell-specific knockdown of sGC [30] reduced the memory ( Figure 5G ), providing further evidence that NO and H 2 S jointly regulate cGMP levels in R3 neurons ( Figure 5H) . Elevated cGMP levels then lead to foraging PKG activity, which is required for a functional orientation memory [9] .
dCREB Is Required to Induce Expression of Competence Factors Previous studies revealed that the Ribosomal-S6-kinase II (RSKII) ortholog Ignorant (IGN) is downstream of the foraging PKG, and overexpression of IGN can rescue the orientation memory deficit of for mutants [9] . One of the substrates of RSKII is the transcriptional activator CREB [31] , and RSKII knockout mice display deficits in spatial learning and memory [32] . A requirement for Drosophila dCREB activity has only been shown for the consolidation of olfactory long-term memory, but not for less enduring memory tasks [33] . Nevertheless, we expressed a dominantnegative isoform of dCREB (UAS-dCREB2-b), which has been shown to block olfactory long-term memory formation in the mushroom body [34] , in the R3 neurons. To avoid developmental defects, expression of the dCREB repressor was restricted to adult R3 neurons by employing the ubiquitously expressed, temperature-sensitive GAL4 repressor GAL80 ts (Tub>GAL80 ts ) [35] . Transgenic flies were reared at the restrictive temperature of 18 C and tested in the detour paradigm and then shifted to 30 C overnight to induce expression of the CREB repressor and tested again. As shown in Figure 6A , induced expression of dCREB2-b in R3 neurons resulted in a complete loss of the orientation memory. Moreover, heterozygous mutants for the null allele CrebB S162 also showed an impaired memory that could be rescued by expressing a CrebB cDNA [36] specifically in R3 neurons ( Figure 6B ).
Next, we asked whether dCREB is downstream of FOR/IGN signaling (pathway in Figure 6G ), and indeed, overexpression of dCREB in R3 neurons of the ign 58/1 -null mutant reversed the memory deficits ( Figure 6C ). To assess whether IGN phosphorylates dCREB, we measured the ratio of P$dCREB versus dCREB in the ign 58/1 mutant. The Drosophila CrebB gene encodes various isoforms, ranging from 29.8 to 34.4 kD [23] , and using a P$dCREB antiserum [37] in western blots, we could detect two to three bands in the range of 35-40 kD in head extracts. Normalization of P$dCREB levels to the signals obtained with a dCREB antiserum (a-ATG2) [37] revealed an $10% reduction of P$dCREB in ign 58/1 mutants ( Figure 6D ). This shows that IGN contributes in dCREB phosphorylation in the adult brain, and the lack of IGN in R3 neurons leads to a dCREB-dependent loss of orientation memory.
But a working memory, which lasts only about 4 s, cannot be encoded by transcriptional regulation. We therefore assumed that dCREB is needed to maintain sufficient levels of proteins that are required for synaptic plasticity and thus endow the R3 neurons with the physiological competence to constantly update the orientation memory during walking. Such competence factors could include proteins known to be under transcriptional control of dCREB during long-term memory formation. One of these genes, homer, encodes a preferentially dendritic localized protein in the fly's nervous system [38] . homer-null mutants revealed a complete loss of orientation memory in the detour paradigm that could be rescued by Homer expression in R3 neurons (Figure 6E) . Furthermore, an RNAi-mediated knockdown of homer specifically in adult R3 neurons confirmed an acute requirement of Homer to enable an orientation memory ( Figure 6F ).
Transient NO Signaling Induces a Liable Memory Trace for Landmarks
Having established a permissive function of H 2 S/NO signaling to induce elevated levels of competence factors via the cGMP/ PKG/RSKII axis of dCREB activation ( Figure 6G ), we wondered whether NO has an additional role in mediating this short, 4 s memory. Especially the short half-life, and therefore limited working range of NO [39] , would be well-suited for such a memory trace in the axons of R3 neurons in the EB. We probed into this idea by feeding the NOS inhibitor L-NNA (100 mM) for Table S3 ).
5 min before testing, which significantly reduced the orientation memory, as did a 10-mM concentration but to lesser extent (Figure 7A) . We then investigated whether this memory could be established by an activation of cGMP-regulated CNGs (cyclic nucleotide-gated ion channels), leading to a sustained activation of R3 neurons. Inducing RNAi constructs [30] against genes (CngA [40] and Cngl [41] ) encoding subunits of such channels in Drosophila in adult R3 neurons significantly reduced the visual orientation memory ( Figure 7B ). In contrast, knockdown of the hyperpolarization-activated CNG channel I h (HCN in vertebrates) [23] did not affect the orientation memory (data not shown). As discussed below, we like to propose a model in which the visual Table S4 ).
(H) Schematic drawing of the postulated pathway.
information of the position of an attractive landmark and idiothetic information about the turns the fly has taken is coincidentally stored through NO/cGMP-mediated CNG opening and elevated Ca 2+ levels in single axonal branches of R3 neurons ( Figure 7D ). If the temporary elevation of NO/cGMP levels represents the memory trace for the body orientation with respect to a landmark, overexpression of NOS in all R3 neurons might equalize these signals and disturb the orientation memory. And Table S5 ).
(G) Schematic of the NO/H 2 S signaling pathway for the orientation memory.
indeed, comparing flies prior and after overexpression of NOS revealed a complete loss of the orientation memory ( Figure 7C ), suggesting that a difference in signal strength in single R3 neurons is used for re-orientation from the distractor back to the direction of the initial landmark.
DISCUSSION
Our previous analysis of the ebo mutant suggested that the visual orientation memory is mediated by gaseous transmitters [11] , and here, we show that two of these gases, NO and H 2 S, cooperatively regulate cGMP levels to enable a working memory in flies. Low levels of H 2 S were detected in the vertebrate brain a long time ago, but its physiological function in the nervous system had been elusive. In contrast, the deleterious effect of exogenous H 2 S was recognized early on, and it has been established that acute intoxication can inhibit the monoamine oxidase, which is required for neurotransmitter metabolism [13] . On the other hand, endogenous H 2 S seems to protect cells from oxidative Table S6 ).
(D) Schematic drawing of the proposed model depicting connectivity and flux of information in one wedge/segment of the ellipsoid body (EB) and between the EB and the protocerebral bridge (PB). R3 (black) receives visual input from R2/R4 (green) and simultaneously from an idiothetic neuron (blue) conveying information about the fly's moves with respect to its surrounding. This synergistic activation stimulates NO production in one axonal branch of an R3 neuron, and elevated levels of NO induce cGMP. cGMP-mediated opening of cyclic nucleotide-gated ion channels (CNGs; violet) result in Ca 2+ influx, representing the memory trace of the landmark. When no object is visible (off signal), a columnar neuron (red) projecting from the EB to the PB receives activation through the R3 neurons. Differential activation of the EB-PB neurons in the wedges is then used to steer the fly.
stress and therefore indirectly effects memory formation [13] . This is supported by recent findings that Cse knockout mice suffer from oxidative stress, which can be ameliorated by cysteine supplementation. Reduced levels of CSE have also been found in the brain of mice that express mutant Huntingtin, suggesting that the oxidative stress seen in Huntington's disease is in part due to loss of Cse expression [42] .
Our study on H 2 S function in the Drosophila brain now reveals a mechanism by which H 2 S is involved in establishing a memory in R3 neurons of the EB. A synergistic interaction of H 2 S and NO in smooth muscle relaxation has been noticed for quite some time [13] , and we find the same interaction of H 2 S and NO in R3 neurons, because the loss of the visual orientation memory in mutants for Nos, Cbs, and ebo could be reverted by administering the PDE6 inhibitor Zaprinast. This reveals a requirement for elevated cGMP levels in R3 neurons that is jointly regulated by the production of H 2 S and NO ( Figure 6G) . Moreover, as shown by ectopic expression of NOS and overexpression of CBS in R2 neurons in the ebo mutant, both gases can act by diffusing from neighboring cells to execute their permissive function, i.e., CREB activation.
Using hippocampal slices, Arancio and colleagues [43] could establish that NO synthesis in postsynaptic neurons is induced through the activation of the glutamate NMDA receptor, resulting in Ca 2+ influx and NOS activation. NO then diffuses into the presynapse of the partner neuron to facilitate long-term potentiation. In the years following this discovery, the function of NO as a retrograde transmitter in long-term potentiation (LTP) has been firmly established, for instance, through activation of the presynaptic localized soluble guanylyl cyclase and canonical cGMP/PKG-signaling pathway as well as the identification of several downstream targets that strengthen presynaptic output [12] . Although some dendritic marker proteins seem to localize to the axonal projections of R neurons in the EB neuropil [44] , they primarily seem to represent output sites [19, 45] . Therefore, the specific localization of NOS in these projections suggests that NO is synthesized at the presynapses in R3 neurons, and the signaling to activate dCREB is retrograde in the same neuron. The role of NO signaling in the central complex of flies seems to be comparable to the role of tonic NO production in the hippocampal CA1 area of rodents that enables LTP formation. Using selective inhibitors for endothelial eNOS and neuronal nNOS, Hopper and Garthwaite could separate a tonic (eNOSdependent) and a phasic (nNOS-dependent) requirement of NO signaling to establish LTP [46] . Notably, Drosophila encodes only one NOS enzyme, which seems to fulfill both functions, and we hypothesize that the exclusive localization of NOS in the axonal arborizations of R3 neurons in the EB is instrumental for its ''phasic'' function.
The EB neuropil is structured in 16 segments or wedges [47, 48] , and R neurons project into each of them [17, 49] . Notably, R2/R4 neurons, but not R3 cells, are activated by the presence of an object and are individually tuned to specific positions in the visual field [45] . The described projection pattern would, however, erase the topographical information that R2/R4 neurons receive through their dendrites in the bulb and convey to the EB. To confine the memory trace of an object to one segment in the EB, we hypothesize that visual and idiothetic information is computed locally in one wedge. R2/R4 neurons would convey position information of a landmark to a R3 neuron, which is simultaneously activated by an ''idiothetic'' neuron, representing the turns of the fly in relation to their environment. Regionalization of the memory trace to one axonal branch of R3 in the EB would be achieved by a set of individual idiothetic neurons, each projecting into one wedge only ( Figure 7D ). This model is supported by the loss of orientation memory upon overexpression of NOS in R3 neurons, because the excessive activity should counteract the regionalization. On the other hand, the pharmacological-induced increase of cGMP in Nos mutants can still be used for navigation because the idiothetic neurons add a regionalizing signal.
Interestingly, EM studies assessing the connectivity in the EB have identified so-called coincidence synapses on R neurons in the EB [49] . In this study, it was noticed that axons of R neurons in the EB are sandwiched between presynaptic release sites. This connectivity would be perfectly suitable for R3 axons to receive coincidental visual input by R2/R4 neurons and feedback information about a turn through idiothetic neurons that have to be identified. This concerted activation would synergistically induce NO/cGMP production only in one of the axonal branches of a R3 neuron, resulting in prolonged Ca 2+ influx through CNG channels. Thus, during the course of the detour experiment, the initial landmark will induce a stronger Ca 2+ trace in a branch of one R3 neuron than the distractor in a branch of another R3 neuron because the latter is presented only for 1 s. When all objects are removed, R3 neurons get activated by an off-signal, and the difference in signal strength localized in R3 axons leads to differential synaptic transmission to a postsynaptic partner. Presumably, columnar neurons receive input from R3 neurons in the EB and convey the information to glomeruli of the protocerebral bridge [7, 47, 48] . The protocerebral bridge is a neuropil involved in general locomotor control, step-length regulation, and visual targeting [50, 51] . Differential activation of such columnar neurons could therefore be used to steer the fly back on track. The short half-life of NO would be instrumental for this orientation memory because memorizing a vanished landmark for too long would prevent meaningful navigation behavior. 
Behavioral Analysis
The behavioral assay was performed with 2-to 5-day-old flies with their wings clipped 1 day prior to testing. Ten approaches per fly were counted, and the rate of positive choices was calculated. The analysis of the visual working memory was conducted in the detour arena as described [6] .
Pharmacological Manipulations
Individual flies were kept for 24 hr at 25 C in a 2-mL Eppendorf tube with 20 mL 50 mM Tris (pH 8.0) and 4% sucrose solution, pinged with Patent blue (Sigma; 21605) to check for ingestion. For cysteine supplementation, N-acetyl-Lcysteine (Sigma; A7250) was dissolved to a final concentration of 20 mM, the inhibitor Zaprinast (Sigma; Z0878) to 100 mM. Control groups received the same blue sucrose solution. For NOS inhibition, individual flies were starved overnight on water supply and tested in the detour paradigm. Then, the inhibitor was fed to flies for 5 min while watching their ingestion and the same flies retested. The NOS inhibitor L-NNA (Nu-nitro-L-arginin; Sigma; N5501) was diluted to final concentrations of 10 mM or 100 mM in 50 mM Tris (pH 8.0) in blue sucrose solution.
Immunohistochemistry Adult brains were stained following a standard protocol [9] . Primary antibodies were applied at the following dilutions: chicken anti-GFP 1:2,000 (Aves Labs; no. GFP-1020); rabbit anti-NOS 1:200 [16] ; and anti-FASII 1:200 (DSHB no. 1D4). For details, see the Supplemental Experimental Procedures.
Western Blot Analysis
Samples were separated by a 10% SDS-PAGE and transferred to a polyvinylidene fluoride (PVDF)-blotting membrane using standard protocols. Primary antibodies were incubated at the following dilutions: rabbit anti-NOS 1:200 [16] ; rabbit anti-HSP90 1:1,000 (Cell Signaling Technology no. 4874); rabbit anti-CBS 1:100 (Santa Cruz Biotechnology no. 67154); mouse anti-actin 1:1,000 (DSHB no. JLA*20); rabbit anti-P$CREB (1893-5) 1:1,000; and rabbit anti-CREB (ATG2) 1:500 [37] . For details, see the Supplemental Experimental Procedures.
Statistical Analysis
All statistical groups were tested for normality with the Shapiro-Wilk test. Multiple comparisons were performed using the Kruskal-Wallis ANOVA with a post hoc Bonferroni correction. For simple comparisons, the Mann-Whitney U test was applied or, for a one-by-one analysis, the Wilcoxon matched-pairs test was used. For parametric samples, a two-sided t test was performed. Comparison against the random choice level of 58% was carried out using the sign test for non-parametric data or the single-sample t test for normal distributed samples. All statistical analyses were performed with STATISTICA 7.0 (for all statistical details, see Tables S1-S6 ). Boxes always signify 25%/75% quartiles, thick lines signify medians, and whiskers signify 10%/90% quantiles. The random choice level of 58% is shown by a dashed line. Significance to this chance level is indicated on the right side of each box (non-parametric data, sign test; parametric data, one-sample t test; n.s., not significant; *p < 0.05; **p < 0.001; ***p < 0.001).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, two figures, and six tables and can be found with this article online at http:// dx.doi.org/10.1016/j.cub.2016.12.056.
AUTHOR CONTRIBUTIONS
S.K., B.P., and R.S. designed the study and wrote the manuscript. S.K. performed all experiments and statistical analyses. B.P. and R.S. supervised the project.
